Background MLN0128 is a first-in-class, dual mTOR inhibitor with potential to outperform standard rapalogs through inhibition of TORC1 and TORC2. This phase II study was designed to assess antitumor activity of MLN0128 in metastatic castrationresistant prostate cancer (mCRPC). Methods Eligible patients had mCRPC previously treated with abiraterone acetate and/or enzalutamide. Five patients started MLN0128 at 5 mg once daily, subsequently dose reduced to 4 mg because of toxicity. Four subsequent patients started MLN0128 at 4 mg daily. Primary endpoint was progression-free survival at 6 months. Results Nine patients were enrolled and median time on treatment was 11 weeks (range: 3-30). Best response was stable disease. All patients had a rise in PSA on treatment, with a median 159% increase from baseline (range: 12-620%). Median baseline circulating tumor cell count was 1 cell/mL (range: 0-40); none had a decrease in cell count posttreatment. Grade ≤ 2 adverse events included fatigue, anorexia, and rash. The most common serious adverse events were grade 3 dyspnea and maculopapular rash. Eight patients discontinued treatment early because of radiographic progression (n = 1), grade 3 toxicity (n = 5), or investigator discretion (n = 2). Four patients had immediate PSA decline following drug discontinuation, suggesting MLN0128 could cause compensatory increase of androgen receptor (AR) activity. Correlative studies of pretreatment and posttreatment biopsy specimens revealed limited inhibition of AKT phosphorylation, 4EBP1 phosphorylation, and eIF4E activity. Conclusions Clinical efficacy of MLN0128 in mCRPC was limited likely due to dose reductions secondary to toxicity, PSA kinetics suggesting AR activation resulting from mTOR inhibition, and poor inhibition of mTOR signaling targets.
Introduction
The mechanistic target of rapamycin (mTOR) is a critical kinase that links extracellular signal transduction with metabolic processes that control cell growth. mTOR is a downstream component in the phosphoinositide 3-kinase (PI3K) signaling pathway, which is deregulated in 42% of locally advanced prostate cancers and nearly 100% of advanced prostate cancers [1] . The mTOR protein can form two distinct kinases depending on the macromolecular complex it assembles with co-associated proteins. These are named mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [2] . The primary targets of mTORC1 are the translation initiation inhibitors 4EBP1, 4EBP2, and 4EBP3, as well as S6 kinase 1 and S6 kinase 2 [3] . This arm of mTOR signaling is vital for the regulation of mRNA translation and protein synthesis [4] . The most well-characterized substrate of mTORC2 is the oncogenic kinase AKT. mTOR hyperactivation as well as deregulation of downstream protein synthesis is necessary for tumor formation and metastasis in mouse prostate cancer models [5, 6] . Given the frequency of its deregulation in advanced prostate cancer, targeting the PI3K pathway and in particular mTOR kinase has been a high priority.
The first mTOR inhibitors available for clinical trials in prostate cancer were rapamycin and its analogs (also known as rapalogs). These mTOR inhibitors function in an allosteric fashion by first binding to the immunophilin FKBP12 (an FK506-binding protein); the resulting complex can then directly inhibit mTORC1 function [7, 8] . In vivo studies demonstrated significant antitumor efficacy in tissue-specific prostate cancer mouse models [9] . However, three separate clinical trials using rapamycin and rapalogs demonstrated little to no antitumor effects in patients with advanced stage prostate cancer [10] [11] [12] . Similarly, a phase 1/2 combination trial with rapamycin and gefitinib in metastatic castration-resistant prostate cancer (CRPC) also did not result in significant antitumor activity [13] . One potential mechanism for the lack of efficacy of rapamycin and similar drugs is incomplete inhibition of oncogenic mTOR kinase activity. Rapamycin poorly inhibits the phosphorylation of 4EBPs and AKT [14] , both of which are critical downstream effectors. Further, rapamycin administration can lead to paradoxical feedback activation of the PI3K signaling pathway [15] .
These findings led to the development of ATP active site inhibitors of mTOR such as MLN0128. Unlike allosteric inhibitors, these small molecules can selectively target the ATP binding site of mTOR [16, 17] , resulting in a significant decrease in both mTORC1 and mTORC2 kinase activity. In animal models, ATP active site inhibitors of mTOR consistently outperform allosteric inhibitors [6, 17] . For example, whereas rapamycin and associated analogs predominantly decrease the phosphorylation of the mTORC1 substrates S6 kinase 1/2, ATP site inhibitors also target 4EBP and AKT phosphorylation, demonstrating potent inhibition of both mTORC1 and mTORC2 [18] . Moreover, MLN0128 has demonstrated superior antitumor efficacy in a mouse model of prostate cancer driven by PI3K pathway hyperactivation [6] . Given these in vitro and in vivo findings, we hypothesized that ATP site inhibitors of mTOR such as MLN0128 could more effectively inhibit mTOR kinase signaling in patients with metastatic CRPC, leading to a clinical response. In this phase II study, we tested the therapeutic efficacy of MLN0128 in patients with metastatic CRPC. 
Materials and methods

Patient eligibility
To be eligible for inclusion, patients had to have histologically confirmed metastatic CRPC with evidence of disease progression defined by one or more of these criteria: a) rising PSA levels, with a minimum of 3 consecutive rising levels obtained more than 1 week apart; b) new or progressive softtissue masses on transaxial imaging (computed tomography or magnetic resonance imaging scan); or c) at least 2 new metastatic lesions on radionuclide bone scan. Standard physical and laboratory eligibility requirements included adequate bone marrow reserve, adequate liver and kidney function, castrate levels of testosterone, and a Karnofsky Performance Status ≥70%. Patients must have received enzalutamide or abiraterone, but have no prior exposure to PI3K/mTOR pathway inhibitors. Previous docetaxel treatment was permitted.
Study design
The primary objective was to assess the efficacy of MLN0128 in patients with metastatic CRPC who had received prior enzalutamide or abiraterone acetate. Patients were to receive a fixed oral daily dose of 5 mg of MLN0128 based off of Phase I results. However, the first 5 patients on study required a dose reduction to 4 mg or less; 4 more patients were subsequently enrolled and received a fixed oral daily dose of 4 mg of MLN0128.
Efficacy was to be assessed by the proportion of patients with progression-free survival (PFS) at 6 months from the start of treatment. Progression was defined per Prostate Cancer Working Group 2 guidelines [19] . A two-stage design differentiating between 6-month PFS rates of 0.30 and 0.50 was used; if 7 or more patients (of 21) achieved the primary endpoint of 6-month PFS, an additional 21 patients would be enrolled. However, the study was stopped early because of toxicity and lack of activity.
Patient evaluation
Study participants were assessed for safety weekly in cycles 1 and 2, biweekly in cycles 3 and 4, and monthly in cycle 5 and beyond, based on the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0 (NCI-CTCAE v4.0). Cycles were 4 weeks. Safety evaluations were based on medical review of adverse event reports and the results of vital sign measurements, physical examinations, electrocardiograms, and clinical laboratory tests throughout the conduct of the study.
Secondary endpoints
PSA kinetics (at 8 weeks) and radiographic response (FDG-PET imaging at 4 weeks) were secondary endpoints that were tracked and correlated with disease progression. These measures were not part of the definition of disease progression. Response and progression were evaluated using a combination of the Response Evaluation Criteria in Solid Tumors (RECIST) [20] , modified for prostate cancer, and the guidelines for prostate cancer endpoints developed by the Prostate Cancer Clinical Trials Working Group (PCWG2).
Exploratory endpoints
Circulating tumor cells (CTCs) were enumerated through molecular analysis on the Epic Sciences platform. Tumor biopsy specimens taken before and 4 weeks after therapy initiation were analyzed for markers of PI3K pathway signaling by immunohistochemistry to explore the protein level of PTEN (phosphatase and tensin homolog) and the phosphorylation status of rpS6, 4EBP1, and AKT. In order to measure the effects of MLN0128 on protein synthesis, a proximity ligation assay was used to test for activity of the eukaryotic translation initiation factor 4E (eIF4E).
Sequencing data
Specific genetic alterations in tumor samples were elucidated using MSK-IMPACT (Memorial Sloan KetteringIntegrated Mutation Profiling of Actionable Cancer Targets), a proprietary hybridization capture-based nextgeneration sequencing assay for targeted deep sequencing of all exons and selected introns of 468 key cancer genes in formalin-fixed, paraffin-embedded tumors (FFPE) [21] .
Immunofluorescence 4 μm sections from FFPE specimens were deparaffinized in xylene (Sigma-Aldrich, St. Louis, MO), rehydrated in graded ethanol, and rinsed in distilled water. Antigen retrieval was performed using a citrate buffer (10 mM, pH 6.0; Vector Laboratories, Burlingame, CA) and the heat-induced epitope retrieval method. Subsequent normal serum block was done using donkey serum (Sigma-Aldrich), and Phospho-S6 Ribosomal Protein (Ser240/244) (D68F8, #5364; Cell Signaling Technology, Danvers, MA), Phospho-4E-BP1 (Thr37/46) (236B4, #2855, Cell Signaling), and PhosphoAkt (Ser473) (D9E, #4060, Cell Signaling) primary antibodies were incubated overnight at 4°C. The sections were then incubated with secondary antibodies (IgG anti-rabbit or IgG anti-mouse conjugated with Alexa Fluor 488 or Alexa Fluor 594, Invitrogen/Thermo Fisher Scientific, Waltham, MA) for 90 min at room temperature. They were then washed in a PBS buffer, rinsed in distilled water, dehydrated in graded ethanol, and mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen/Thermo Fisher Scientific).
Immunohistochemistry
PTEN immunohistochemistry was performed using a genetically validated protocol as previously described [22] . Briefly, the protocol uses the Ventana automated staining platform (Ventana Discovery Ultra, Ventana Medical Systems, Tucson, AZ) and a rabbit anti-human PTEN antibody (Clone D4.3 XP, #9188; Cell Signaling).
Proximity ligation assay
The in situ proximity ligation assay (PLA) was optimized to detect interactions between eIF4E and eIF4G (eIF4E-eIF4G) in human biopsy samples. The detection efficiency was validated using a previously described mouse model [22] . PLAs were performed on FFPE biopsy samples obtained before and after treatment with MLN0128. Following deparaffinization and rehydration of tissue sections, antigen retrieval was performed in a decloaking chamber at 95°C for 30 min in Tris-EDTA buffer, pH 9.0. The PLA protocol was followed according to the manufacturers' instructions (Sigma-Aldrich), with incubation of the primary antibodies at 4°C overnight. The antibodies were used at the following concentrations: 1:250 for eIF4E (mouse, clone A-10, #SC-271480, Santa Cruz Biotechnology, Dallas, TX); 1:250 for eIF4G (rabbit, #2498; Cell Signaling). PLA minus and PLA plus probes were added and incubated for 1 h at 37°C. The two hybridized oligonucleotides were joined in a closed circle using a ligase. The DNA was then amplified using rolling circle amplification, and detection of the amplicons was carried out using the Duolink In Situ Brigthfield kit (Sigma-Aldrich). The first results were visualized by brightfield microscopy (Nikon E8100). To perform highthroughput analysis of the whole tissue, slides were scanned (magnification 40X) using the Aperio CSO (Leica Biosystems, Wetzlar, Germany), and the number of PLA signals per cell was counted in the entire neoplastic tissue by semi-automated image analysis (HALO, Indica Labs, Corrales, NM).
Results
Patient characteristics
Overall, 9 patients with progressive CRPC were treated with MLN0128 at MSK between April 2014 and September 2015. Baseline characteristics are summarized in Table 1 . The median age was 67 (range: 52-79), media PSA was 271.26 ng/mL (range: 3.94-655.12) and median CTC count was 1 cell/mL of blood (range: 0-40 cells). All patients had been previously treated with at least 1 secondgeneration androgen receptor (AR)-targeted therapy: 9 had received enzalutamide and 8 had received abiraterone. Four patients (44%) had previously received chemotherapy with docetaxel. Table 2 lists common toxicities for all 9 patients. The most common grade 2 or higher toxicities were rash in 4 patients, which led to 1 patient discontinuing treatment early; fatigue in 3 patients; mucositis in 3 patients; and dyspnea in 3 patients, causing 2 of them to discontinue treatment early. There were no episodes of grade 4 toxicity. Grade 3 toxicities included mucositis (1 patient), rash (1 patient), pain (1 patient), dyspnea (2 patients), and delirium (1 patient). The first 5 patients were treated with MLN0128 5 mg daily [23] . All 5 patients were dose reduced from 5 mg daily to 4 mg daily due to toxicity. One patient required an additional dose reduction to 3 mg daily. The protocol was subsequently amended to change the starting dose to 4 mg daily. At this starting dose, no dose reductions were necessary.
Toxicity
Patient outcomes
Eight of 9 patients (89%) discontinued treatment before the scheduled 6-month trial endpoint. Median time on treatment was 11 weeks. The time on study and the reasons for discontinuation (progression, toxicity, or investigator discretion) are shown in Fig. 1 . Of the 8 patients who discontinued treatment early, 5 did so because of toxicity, 1 had radiographic progression, and 2 left at investigator discretion. All patients experienced a rise in PSA on treatment (Fig. 2A) . The median PSA rise at the end of treatment was 159% from baseline (range: 12-620%). Four of 9 patients experienced a decrease in PSA prostate-specific antigen, CTCs circulating tumor cells PSA following discontinuation of MLN0128 (Fig. 2B) . One example of the inhibitory effect of mTOR on AR function is shown in Fig. 2C , where MLN0128 was held for toxicity and then restarted. PSA levels declined when MLN0128 was held, and increased again when MLN0128 was restarted. Fig. 1 Time on study and reasons for discontinuation in patients with advanced prostate cancer (n = 9). Nine patients with castration-resistant prostate cancer were treated during the study. Median time in the study was 11 weeks. Eight patients discontinued treatment before the study endpoint was reached because of unacceptable toxicity (5 patients), radiographic progression (1 patients), and investigator discretion (2 patients)
Circulating tumor cells
Using the Epic Sciences platform, CTCs were evaluated at baseline and 4 weeks after discontinuation of the drug [24] . No patient had a decrease in CTC count.
Tumor sequencing
Six of 9 patients had biopsy samples sequenced using MSK-IMPACT, the in-house proprietary targeted genomic sequencing test. One sample was a prostate sample and the rest were metastatic biopsy samples. All samples had genetic alterations, including amplifications, fusions, deletions, or point mutations, ranging from 2 to 13 per tumor. Only one patient exhibited a homozygous deletion of PTEN and an additional patient exhibited a presumed loss of function mutation of PIK3R3 (Fig. 3 ). There were no other mutations detected in PI3K pathway genes by MSK-IMPACT. At the protein level using IHC, 2 out of 3 evaluable patients were negative for PTEN (Fig. 4) .
Effect on downstream signaling
Six patients had an evaluable baseline biopsy, and 3 of the 6 went on to have a week-4 posttreatment biopsy. In order to assess the effects of MLN0128 on downstream signaling targets, we analyzed pre-and posttreatment tissues from the 3 evaluable patients, focusing on the phosphorylation status of mTORC1 targets rpS6 (ribosomal protein S6) and 4EBP1, as well as the mTORC2 substrate AKT. Immunofluorescence analysis showed that rpS6 phosphorylation was decreased in 2 of the 3 patients posttreatment, though we found no decrease in phosphorylation of AKT or 4EBP1 (Fig. 4) . The mTOR kinase regulates protein synthesis by phosphorylating 4EBPs, which leads to an increase in eIF4E activity and mRNA translation initiation. We measured eIF4E activity in P a t i e n t 
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Fig . 3 Genetic alterations in biopsy specimens from patients with metastatic CRPC. Six of 9 patients had biopsy samples sequenced using the in-house proprietary targeted genomic sequencing test MSK-IMPACT. Biopsy site, temporal relationship to treatment, and specific genetic alterations are shown. * = stop codon pre-and posttreatment tissue samples from the 3 evaluable patients using a proximity ligation assay. Surprisingly, samples from 2 patients displayed a significant increase in eIF4E activity (Fig. 5) . Overall, these findings suggest that MLN0128 had little impact on downstream signaling in tumor tissues and resulted in a paradoxically increased level of eIF4E activity.
Discussion
This paper reports on the clinical effects of MLN0128, a potent and orally bioavailable dual inhibitor of the mTOR kinase, in a phase II clinical trial of patients with heavily pretreated CRPC. The rationale for the study was based on the frequent deregulation of the oncogenic PI3K signaling pathway in CRPC and promising preclinical studies suggesting the effectiveness of dual mTOR inhibitors in prostate cancer [6, 9, 25] . In this patient cohort, 8 of 9 discontinued the drug before the trial endpoint because of toxicity, disease progression, or at the investigator's discretion. None of the patients had a decrease in their PSA levels or CTC counts while on the study drug. There are several potential explanations for the lack of clinical efficacy of MLN0128 in patients with CRPC. The first 5 patients started at the established 5 mg daily dose but had to be dose reduced because of toxicities, and the remaining 4 patients were started at 4 mg daily. Even with this reduced dose, the median time on treatment was less than 12 weeks, with 5 patients discontinuing treatment early because of unacceptable side effects. Therefore, it is possible that the dose needed for maximum therapeutic effect was not achieved. This is supported by our data, which indicate poor inhibition of downstream signaling targets. For example, while rpS6 phosphorylation was inhibited in 2 of 3 evaluable patients, the mTOR substrates 4EBP1 and AKT did not display any decreased phosphorylation (Fig. 4) . Moreover, 2 of the 3 patients exhibited a paradoxical increase in eIF4E activity after only 4 weeks on treatment (Fig. 5) . These findings closely mimic a neoadjuvant study of rapamycin, the allosteric inhibitor of mTOR, in men with intermediate-to high-risk localized Immunohistochemical and immunofluorescence analysis was done on biopsy specimens for patients who had available specimens from before treatment and after 4 weeks on treatment. Tissues were stained for PTEN, the mTORC1 targets rpS6 and 4EBP1, and the mTORC2 substrate AKT. rpS6 phosphorylation was decreased in 2 of 3 patients posttreatment. However, AKT and 4EBP1 did not display any decrease in phosphorylation in the posttreatment setting. All representative images were taken at 20× magnification prostate cancer treated before radical prostatectomy. Although inhibition of rpS6 phosphorylation was observed, there were no effects on tumor cell proliferation, induction of apoptosis, PSA levels, or posttreatment tumor grade or stage [12] . It has been shown that eIF4E hyperactivity is necessary for tumor formation and progression in mouse models of cancer, whereas rpS6 phosphorylation is dispensable [18, 22] . In our study, MLN0128 inhibited rpS6 phosphorylation but did not sufficiently inhibit potentially more important tumorigenic downstream signaling in patient tumors, leading to maintained oncogenic protein synthesis. Although our data suggests that MLN0128 has limited ability to affect downstream activity, this interpretation is constrained by our small sample size as well as potential variability in pre-and post-treatment tissues analyzed. Additional studies are warranted.
Although this study was negative for a clinical response, it is possible that patients would have experienced positive clinical outcomes if mTOR were more potently and specifically targeted. More recent trials are exploring the use of intermittent high-dose strategies that could potentially improve efficacy by potently inhibiting mTOR for short durations [26, 27] . Recently, a new class of third-generation linked mTOR inhibitors has been reported with significantly more specificity and excellent preclinical responses [28, 29] . In the future, these linked compounds may provide a therapeutic window to efficiently target downstream mTOR signaling in prostate cancer.
Most prostate cancer remains reliant on AR signaling throughout its evolution, and androgen deprivation therapies have been a mainstay of treatment for mCRPC. However, responses to these drugs is often short lived. Therefore, there has been increased focus on studying alternative signaling pathways in prostate cancer, including the PI3K-AKTmTOR pathway. However, all patients in our cohort experienced a PSA increase after initiating MLN0128 therapy. This is consistent with prior work demonstrating significant crosstalk between the PI3K and AR signaling pathways [30] [31] [32] . In our study, in addition to a rise in PSA after MLN0128 initiation, 4 patients had decreases in their PSA after stopping therapy (Fig. 2) , suggesting a relief of PI3K-AKT-mTOR potentiating effects on AR signaling. Although the patients in this study were previously treated with enzalutamide or abiraterone, these were not ongoing during this trial. To address the issue of increased AR activity, a new phase I/II study is currently testing the clinical efficacy of CC-115, a dual mTOR/ATP site inhibitor, with enzalutamide in patients with CRPC (NCT02833883).
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Spots/cell Fig. 5 The proximity ligation assay (PLA) was used to assess eIF4E activity in pretreatment and posttreatment biopsy tissues. eIF4E activity is elevated in posttreatment tissues of 2 patients (out of 3). All representative images were taken at 20× magnification Our study highlights the need for molecular biomarkers to enrich for patients who may respond to PI3K-AKT-mTOR pathway inhibitors. It is interesting that in our population of 9 patients, 3 (33%) exhibited alterations to PTEN. More research is needed into the predictive value of PTEN deletions in response to PI3K pathway inhibitors. Indeed, it was recently shown that CRPC patients who were negative for PTEN by immunohistochemical analysis were more likely to respond to the AKT inhibitor ipatasertib [33] . Other biomarkers may also be considered, including readouts for eIF4E activity (using the proximity ligation assay) or downstream targets of eIF4E [34] . Moreover, the ideal tissue sampling method to ascertain these biomarkers requires further optimization. As highlighted by the lack of tumor in several of our biopsy specimens, sampling of metastatic disease can be difficult, and not all sites have the same diagnostic yield. In addition, as disease progresses and new treatments are considered, original tumor tissue may not accurately represent the new molecular events that lead to recurrence or progression. Indeed, this is suggested by our sequencing data, in which tumors from the same patient at different time points as well as different locations sometimes had disparate genetic profiles (Fig. 3) . In the future, new technologies such as targeted sequencing of cell-free DNA and circulating tumor DNA may help overcome the issues of sampling bias and tumor heterogeneity [35] .
This study presents evidence that MLN0128 had limited clinical efficacy on a cohort of unselected patients with metastatic CRPC. Correlative studies indicate that downstream mTOR substrates were poorly inhibited and a reciprocal increase in AR activity was observed. Studies are currently under way to co-target the mTOR signaling pathway and the AR. New third-generation mTOR inhibitors, which may have more favorable side effect profiles, should be considered for clinical testing.
